Abstract: Objective To re-confirm and characterize the biophysical and pharmacological properties of endogenously expressed human acid-sensing ion channel 1a (hASIC1a) current in HEK293 cells with a modified perfusion methods. Methods With cell floating method, which is separating the cultured cell from coverslip and putting the cell in front of perfusion tubing, whole cell patch clamp technique was used to record hASIC1a currents evoked by low pH external solution. Results Using cell floating method, the amplitude of hASIC1a currents activated by pH 5.0 in HEK293 cells is twice as large as that by the conventional method where the cells remain attached to coverslip. The time to reach peak at two different recording conditions is (21±5) ms and (270±25) ms, respectively. Inactivation time constants are (496±23) ms and (2284±120) ms, respectively. The cell floating method significantly increases the amiloride potency of block on hASIC1a [IC 50 is (3.4±1.1) µmol/L and (2.4± 0.9) µmol/L, respectively]. Both recording methods have similar pH activation EC 50 (6.6±0.6, 6.6±0.7, respectively). Conclusion ASICs channel activation requires fast exchange of extracellular solution with the different pH values. With cell floating method, the presence of hASIC1a current was re-confirmed and the biophysical and pharmacological properties of hASIC1a channel in HEK293 cells was precisely characterized. This method could be used to study all ASICs and other ligand-gated channels that require fast extracellular solution exchange.
Introduction
Acid-sensing ion channels (ASICs) that can be activated by external protons belong to a supergene family, which, for humans, encompass ASIC1a, ASIC2a, ASIC3, and ASIC4. ASICs are predominantly expressed in the mammalian nervous system. Strong evidence for the physiological function of these channels has come from recent knockout experiments.
It is now clear that ASICs play an important role in touch, pain sense, acerbity sense and memory process; in addition, ASICs also participate in some pathological reactions. They can be modulated by neuropeptides, temperature, metal ions, ischemia, etc., thus integrating each signal of surroundings of cell to exercise their functions [1] [2] [3] [4] . ASIC1a, one of ASIC subunits, seems to play an important role in the physiology and pathophysiology of the central nervous system [5] [6] [7] , and contributes to the most abundant ASICs in the brain: homomeric ASIC1a and heteromeric ASIC1a/2a. The knockout of asic1 leads to deficits in spatial memory and learned fear, suggesting a contribution to higher brain functions. Recent study also showed that ASIC1a in periphery neurons contributes to inflammatory pain and hyperalgesia [8] [9] [10] .
HEK293 cells, a commonly used cell line for the expression and characterization of many ion channels, endogenously express hASIC1a channels [11] so it is a convenient and economic system to study ASIC channels. Activation of ASIC channels requires rapid extracellular pH exchange. A variety of techniques for rapidly switching bathing solutions are adopted in the study of ASIC channels [8, [12] [13] [14] [15] . In all these existing techniques, the cells remain attached to the recording chamber causing dead space around the cell, and only half the cells surface is exposed to the new solution, so it takes a much longer time to exchange the solution surrounding the cell. This will significantly underestimate the biophysical and pharmacological properties of the channels. In this paper, we precisely study the biophysical and pharmacological properties of ASIC1a channels using a commercially available fast switch solution exchange system and cell floating method. This method provides us a useful tool to study not only ASIC channels but also other ligand-gated channels.
Materials and methods

Electrophysiology
Whole-cell patch-clamp recordings were performed at room temperature (20-24 o C) in voltageclamp mode using a Multiclamp 700B amplifier (Axon Instruments, Foster City, CA, USA) controlled by the pClamp10 software suite and output was digitized with a Digidata 1440A converter (Axon instruments). The extracellular solution contained (in mmol/L): NaCl, 130; KCl, 5; MgCl 2 , 1; glucose, 10; 4-(2-hydroxyerhyl) piperazine-1-ethanesulfonic acid (HEPES), 10; adjusted to pH 8.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0 by the addition of either NaOH or HCl. When pH was lower than 6.5, HEPES was replaced by MES buffer. The glass pipettes were pulled from glass capillary (1B200-4 standard borosilicate glass tubing, WPI). Electrodes (2-6 MΩ) were filled with (in mmol/L) CsCl, 140; MgCl 2 , 4; EGTA, 10; HEPES, 10; adjusted to pH 7.3 with CsOH.
Extracellular solution delivery
Drug application and changes in extracellular pH were performed using a commercially available automated fast solution exchange system (Warner Instruments, SF-77B perfusion fast step system), which can perform individual solution changes in 20 ms about and was interfaced with our acquisition software so as to generate precisely timed alterations in extracellular solution. The recording chamber containing the cells had a volume of 370 µL and was continuously perfused with the external buffer (pH 8.0). The bottom of the theta-tube output was sanded flat to decrease its wall thickness and thereby minimize the distance between the solutions emerging from the barrels and the cell on the bottom of the cell chamber. The switcher was positioned above the cell bath so that the output end of the theta tube was within the microscope viewing field and nearly touching the glass bottom of the bath. A suitable cell laying on the bottom of the bath was positioned 400-600 μm in front of the appropriate barrel using the x,y-positioning of the microscope stage. Control (pH 8.0) and test solutions (pH 7.0-5.0) flow continuously through adjacent stimulus delivery tubes. Rapid switching is achieved by using the presettable pClamp recording protocol to start patch clamp experiment which also sends a signal to the controller of the solution exchange system to trigger the rapid lateral movement of the double barrel theta tube resulting in a fast change of solution surrounding the cell from pH 8.0 to various low pH values.
Conventional recording method (cells attached to glass coverslip): HEK293 cells were plated onto 10 mm glass coverslip in 100 mm plastic culture dish for 24 h with 50% to 70% confluence. The coverslip that contained HEK293 cells was placed on bottom of recording chamber before the experiment.
Cell floating method: HEK293 cells were plated onto 100 mm plastic culture dish without coverslip for 24 h with 50% to 70% confluence. Cells were trypsinized and suspended in culture media. A few drops of cell solution were dropped into the recording chamber and the cells will settle to the bottom of recording chamber in a few minutes. After a gigaseal cell attachment was made, rupture of the membrane patch under the suction pipette and establishment of a stable whole cell configuration, slowly move up pipette that sealed with cell by motorized manipulator. In most case, the cell will move up with pipette and float in the bathing solution (if cells are hard to detach from the bottom of recording chamber, you can move the pipette left and right using a micromanipulator to loosen the cells from the bottom of recording chamber). hASIC1a currents can be recorded by using the rapid switching method described previously. is the concentration of agonist, and n is the Hill coefficient.
All data are presented as the mean±SEM. Data were analyzed for statistical significance unpaired Student's t-test.
The statistical significance was indicated as P < 0.05.
Results
Comparison of endogenous ASIC1a currents in HEK293 cells
Then, the extracellular solutions with the different pH ( pH 7.5-5.0) were applied for 1s, respectively. No current was observed with the application of an extracellular solution at pH 7.0 or higher than 7.0 (pH 7.5). Inward hASIC1a currents were first recorded by applying an acidic solution at pH 6.5 ( Fig.   1A ) and were gradually enhanced with decreasing pH value from 6.5 to 5.0. The peak currents reached the maximum at pH 5.5. The inward current had a rapid activation phase followed by a slow desensitization phase at pH 6.5 and lower solution. The average current amplitude evoked by pH 5.0 was (650±12) pA (Tab. 1). It takes an average (270±5) ms for fast inward phase to reach peak (n = 13). The desensitization phase could be fitted by a single exponential function with a time constant, τ, of (2584±250) ms (n = 13). We also investigated the proton sensitivity of this current by measuring the response generated by rapid shift to a range of proton concentrations between pH 7.5 and pH 5.0. The resulting pH-response curves showed a pH EC50 of 6.6±0.3 for proton activation of the hASIC1a (n = 13).
On the contrary, in the cell floating method, the peak current amplitude is twice as large as that in the cell attached 
Tab. 1 Comparison of cell floating and cell attached methods
Current amplitude
Time n = 12 n = 12 n = 12 n = 12 n = 12 n = 12
Cell attached 650±12 ** 270±25 ** 2584±120 ** 265±31 ** 6.6±0.7 3.4±1.1 * n = 13 n = 13 n = 13 n = 13 n = 13 n = 13 *P < 0.05, **P < 0.01 recording method [(1230±40) pA, Fig. 2A and Fig. 3 ] and the activation time to reach peak is much quicker [(21±5) ms, Fig.  2A and Fig. 3 ). The desensitization phase is also fitted by a single exponential function with time constant, τ, of (496±23) ms. The proton sensitivity (pH EC50) is 6.6±0.6 (Fig. 2B ).
Effect of amiloride on hASIC1a channel
Amiloride can idiocratically block ASICs channels and has a different effect on each ASIC subunit. The result of this experiment shows that amiloride can dose-dependently inhibit the hASIC1a currents, and have an IC50 of (3.4±1.1) µmol/L in cell-attached method (Fig. 4) , and (2.4±0.9) µmol/L in floating methods (Fig. 5) . These results indicate that the perfusion rate may also affect the drug potency on this channel.
Discussion
ASICs, belonging to the larger family known as degenerin/epithelial Na + (DEG/ENaC) channel [1] , can be activated by external protons. ASICs are important for certain sensory modalities (mechanoreception and nociception) at the periphery and important for learning and memory in the brain. Activation of ASICs requires rapid change of external solution from pH 7.4 or higher to pH 6.5 or lower. Two main types of fast switching systems are available for use: First, producing a complete replacement of the bath solution; Second, making regional changes in the bath solution. Almost all experiments (mammalian cells) for ASICs channel study were using regional change in the bath solution by home-made or commercially available fast switching systems. Even with the fastest commercial switching system, the ASICs channel response to rapid acidic solution change was still slow, which may be due to the diffusion delays in the space between the cells and the bottom of the bath.
In the present study, we re-confirmed the presence of hASIC1a channel and compared the biophysical and pharmacological characterizations of human ASIC1a endogenously expressed in HEK293 cells by using two different perfusion methods. With the conventional perfusion method, the peak current amplitude that is activated by pH 5.0, activation time to reach peak, desensitization time constant, pH activation EC 50 and sensitivity to amiloride are very similar to those in previous report [11] , while with cell floating method, the peak current amplitude that is activated by pH 5.0 is twice as large as that in the cell attached method. Cell floating method also significantly shortens the time to reach peak and the decay time of the current. Only the pH EC 50 remains unchanged in both perfusion methods. The steep pH dependence of hASIC1a channels suggests that these channels can function as a rapid on/off switch in response to subtle changes in extracellular pH under normal and pathological conditions.
In the screening study of compounds, it is very important to precisely measure the potency of agonists (or antagonists) on specific channels and to determine the structure-activity relationship. Perfusion rate (local solution change) can affect the potency on ion channels, especially on ligand-gated channels that require fast solution change. For this purpose, the floating method will have more advantage over the conventional perfusion technique. This floating method not only can be used in the cell line but also in neurons. With the fast switching systems, ASICs channels and other ligand-gated channels that require fast external exchange to activate can be readily studied. Furthermore, separating the cell from the bottom of recording chamber and floating the cell in front of the perfusion tubing can optimize the recording condition and characterize the biophysical and pharmacological properties of ASICs and other similar channels more precisely.
